Plate heat exchanger is a type of heat exchanger that uses corrugated metal plates to transfer heat between two fluids. The plate corrugations are designed to achieve turbulence across the entire heat transfer area thus producing the highest possible heat transfer coefficients while allowing close temperature approaches. Subsequently, this leads to a smaller heat transfer area, smaller units and in some cases, fewer heat exchangers. In this work, an application for thermal and hydraulic computations of plate heat exchangers had been developed using Sharp Develop, an open source programming platform. During the development process, several literature methods and correlations for calculation of heat transfer coefficient and pressure drop in a plate heat exchanger have been tested and the selected four methods: Martin, VDI, Kumar and Coulson and Richardson have been incorporated into the software. The structure of the software is visually presented through several windows: a window for inserting input data, windows for showing the results of computation by each of the methods, a window for showing comparative analysis of the most important computation results obtained by all of the used methods and a help window for demonstrating the working principle of plate heat exchanger.
and outlet ports, and seals designed so as to direct the fluids in alternate flow passages. The flow passages are formed by adjacent plates so that the two streams exchange heat while passing through alternate channels. When a package of plates is assembled, the holes at the corners form continuous tunnels leading the fluids from the inlet into the plate package, where they are distributed into narrow passages between the plates, and then collecting them before the outlet. Fluids are separated by a thin metal wall -corrugated plates. The shape of corrugations is a characteristic of each plate model and is carefully studied by the manufacturers. The purpose of corrugations is to provide turbulence in order to increase the heat transfer coefficients and, at the same time, to increase the structural strength of the assembly. The most common corrugation pattern is the herringbone (chevron) pattern, also studied in this work. Selection of the plates for any application depends on the process requirements in terms of heat transfer coefficients and allowable heat exchanger pressure drop. Patterns that provide higher heat transfer coefficients for a given flow rate also produce higher pressure drops. Thus, for any application, the designer must choose the plate type offering the best balance of the two effects.
The aim of this work was to develop software that could be used for thermal and hydraulic calculations of plate heat exchangers. Due to the great variety of plate dimensions and especially corrugation patterns, every attempt to establish a general calculation method that can be applied to different types of plate heat exchangers has been unsuccessful so far. Very often correlations established by the producers of plate heat exchangers are used for estimating heat transfer coefficients and pressure drops in certain type of plates. However, several more general methods applicable to the herringbone plate type have been suggested in literature. Some of these methods have been tested and the results for heat transfer coefficient and pressure drop have been compared with the values obtained in the experimental setup already described in our previous papers [1] [2] [3] . Finally, four methods: Martin [4] , VDI [5] , Kumar [6] and Coulson and Richardson [7] , have been selected and, in this work, incorporated into an application called PHeatEx Designer 1.0, for thermal and hydraulic design of plate heat exchangers with herringbone type of plates, developed using the Sharp Develop 5.0 Beta 4, the open source development environment. After its validation the application was used for rating of two industrial heat exchangers.
With the development of this software an attempt was made to collect in one place some of the available literature methods for herringbone type of plates, to compare the results obtained by using different calculation methods (i.e., values of heat transfer coefficients, required area for heat transfer or pressure drops) and, if possible, to give some recommendation for their use.
CALCULATION PROCEDURE
In the course of investigations several literature methods for calculation of heat transfer coefficient in plate heat exchangers with a herringbone type of corrugation have been tested: Martin [4] , VDI [5] , Kumar [6] , Coulson and Richardson [7] and generalized Muley and Manglik [8] . All the equations have been incorporated in an Excel sheet and the results have been compared with the values calculated from the experimental correlation obtained from a procedure described in our previous paper [2] . Experimental data have been correlated with the equation:
Nu 0.39515Re Pr ( 1 ) in which Nu, Re and Pr are Nusselt, Reynolds and Prandtl numbers defined by the equations:
where w is the fluid velocity, D e is the equivalent diameter for the fluid flow channel and ρ, λ, c p and μ are fluid density, thermal conductivity, specific heat and dynamic viscosity, respectively. From the Eq.
(1) and the definition of Nusselt number (Eq. (2)) the values of heat transfer coefficient could be easily obtained:
Experimental values of pressure drop, determined as the difference between the measured inlet and outlet pressures for the single phase flow [2] , have also been compared with results obtained by using literature methods [4] [5] [6] [7] [8] . The experimental measurements for single phase flow were conducted with the aqueous 30.6 mass% ethylene glycol solution. The same fluid, the same process parameters and the same geometry of the plates [1] [2] [3] were used for literature correlations during the selection process. Thermophysical properties of ethylene glycol and water binary mixture were taken from literature sources [9, 10] . The obtained results for several experimental cases are given in Table  1 , in the Results and Discussion section of this work. Based on the obtained results, four literature methods were selected and incorporated in the software for thermal and hydraulic design of plate heat exchangers. These methods are: Martin [4] , VDI [5] , Kumar [6] and Coulson and Richardson [7] . The selection of methods was mostly based on their general applicability and, in some cases, on good agreements with values for heat transfer coefficient obtained from the experimental correlation (1) and Eq. (2), reported in Table 1 . All of the selected methods consist of three phases of calculation: 1) calculation of basic geometrical characteristics of the exchanger and other general characteristics of the process, 2) heat transfer calculation and 3) pressure drop calculation.
Heat exchanger duty is determined from one of the following equations:
where m is the mass fluid flow rate, c p is the fluid specific heat, and t i and t o are inlet (i) and outlet (o) temperatures, while subscripts h and c designate hot and cold fluid, respectively. Available area for heat transfer, A s , is defined by the equation: 
where K is the overall heat transfer coefficient, Δt ln is the logarithmic mean temperature difference and F is the correction factor for Δt ln . For plate heat exchangers the correction factor is often close to 1.0 since the flow configuration is closer to true counter-current flow than in the shell and tube heat exchangers. Overall heat transfer coefficient K (W m -2 K -1 ) is determined from the equation:
where h and c are heat transfer coefficients for hot and cold fluid, respectively, R p,h and R p,c are corresponding fouling factors, pl is the plate thickness and pl is the thermal conductivity of the plates. Reserve in heat transfer area ΔA (%) is calculated from the equation:
Cross sectional area of the channel S is defined by the equation:
( 1 2 ) where B is the average distance between adjacent plates determined as:
( 1 3 ) in Martin [4] and VDI [5] correlations. In Kumar [6] and Coulson and Richardson [7] methods parameter B is calculated from the expression:
in which p p (m) is the plate profile pitch and δ pl (m) is the plate thickness. Equivalent diameter D e for the fluid flow channel in Coulson and Richardson [7] method is determined as:
In Martin [4] , VDI [5] and Kumar [6] methods the following equation for equivalent diameter is used:
( 1 6 ) where μ p is the plate enhancement factor due to corrugation. If not given by the plate manufacturer, it could be calculated as a function of average distance between adjacent plates (B) and wave length of the plate (Λ) according to the described procedure [4, 5] :
where X is calculated as:
Heat transfer coefficient in Martin [4] and VDI [5] methods is determined from the Eq. (5). The difference between these two methods is in the equations used for calculating the Nusselt number. In Martin [4] method, the following equation is used:
while in VDI correlation [5] , the Nusselt number is calculated from the equation: operating conditions accounted for by empirical coefficients and constants. More details on calculation procedures could be found elsewhere [4, 5] . The characteristic length L (m) could be determined as a function of the corrugation angle (α pl ) and wave length (Λ), from the equation:
The heat transfer coefficient in Kumar method [6] is calculated using the expression:
Heat transfer factor (j h ) is determined as a function of Reynolds number (Re) and plate profile angle ( β α = − pl 90 ) according to the described procedure [6] .
Coulson and Richardson [7] method uses the following expression for calculation of the heat transfer coefficient: The total fluid pressure drop Δp tot is the sum of three values: a) pressure drop in exchanger channels (friction pressure drop), b) pressure drop in nozzles, and c) pressure drop due to elevation. The pressure drop in exchanger channels according to Martin [4] and VDI [5] methods is calculated: In the Kumar method [6] , friction coefficient ξ is replaced by the Fanning -type friction factor f, and a correction factor due to the wall temperature influence is taken into account:
The friction factor, similar to the heat transfer factor (j h ), is determined as a function of the Reynolds number (Re) and plate profile angle ( β α = − pl 90 ) according to the procedure described in [6] .
According to Coulson and Richardson [7] , pressure drop in exchanger channels is calculated:
while the friction factor j f can be determined from the expression:
Pressure drop in nozzles, in all four selected methods, is calculated from the equation:
where w p represents the fluid velocity in nozzles. Pressure drop due to elevation has to be taken into account in the case of uneven number of fluid passes, and can be determined from the equation:
Software description
The After running the calculation, all output parameters will be shown in a separate window and the most important results (heat transfer coefficients of both fluids, overall heat transfer coefficient, available surface area, required surface area, total pressure drops of both fluids, etc.) will be also shown in a Message Box.
The Working Principle window, shown in Figure 6 , contains two video clips which show working principle and components of a plate exchanger.
The Analysis of Results window is a part of the software, which allows comparison of the results obtained by different methods. If so desired, some of the methods could be excluded from the comparative analysis, as shown in Figure 7 .
RESULTS AND DISCUSSION
The process of selection of literature methods to be used for the development of the application PHeatEx Designer 1.0 for thermal and hydraulic calculations of plate heat exchangers, was based on comparison of the values determined using literature methods [4] [5] [6] [7] [8] [9] with experimental data measured on the setup described in our previous work [2] . A survey of the obtained results for seven experimental cases is given in Table 1 . Literature methods were assessed by calculating percentage deviation for heat transfer coefficient and pressure drop from the equation:
where Y exp and Y cal denote experimental and calculated values of the heat transfer coefficient and pressure drop, while m is the number of experimental data points. From the Table 1 it can be concluded that the best agreement with experimental values for heat transfer coefficient, with around 8% deviation, was obtained by using the Martin method [4] . This result is considered as very good since the experimental uncertainty in determination of heat transfer coefficient is estimated between 10% and 15% [2] . Satisfactory results, below the value of experimental uncertainty, were also obtained with Kumar [6] and Coulson and Richardson [7] methods, with the difference that the Kumar method [6] gave higher and Coulson and Richardson method [7] lower values of the heat transfer coefficient than the experimental ones. VDI method [5] , which is based on similar calculation procedure as the Martin method [4] , unexpectedly gave much higher deviation, around 38%. The Muley and Manglik method [8] has been known for giving considerably lower values for Nusselt number and heat transfer coefficient than the other literature methods, and this was confirmed by our results, given in Table 1 . Consequently, this method was not included in the software for thermal and hydraulic design of plate heat exchangers.
The best agreement with experimental values for pressure drop, below estimated experimental uncertainty of 15-17% [2] was obtained by using the Kumar method [6] . Martin [4] and VDI [5] methods gave 33% lower values than the measured pressure drop. The highest deviation from experimental data was obtained by using the Coulson & Richardson method [7] , due to very low values of friction pressure drop calculated by the equation (26). Validation of the software was performed by comparison of the software results with the values calculated in an Excel sheet for each of the selected methods. After its validation the software was applied on two industrial plate heat exchangers. Process parameters, geometry of the plates and thermophysical properties of working fluids were taken from the project documentation.
The most important geometrical data and process parameters for the first tested plate heat exchanger are given in Table 2 . Process fluid, light vacuum gas oil (LVGO), was going through the temperature change from 184 to 104 °C. As a cooling medium, water with inlet temperature of 29 °C was used.
Summary of the software results calculated by four literature methods, Martin [4] , VDI [5] , Kumar [6] and Coulson and Richardson [7] , as well as the values obtained from the Excel sheet by using the experimental correlation (Eq. (1)) for calculation of the heat transfer coefficient, is given in Table 3 . The experimental correlation was not included in the software since its applicability was never properly tested under conditions different from the ones under which it was originally established.
From Table 3 it can be concluded that in the first investigated case, the greatest disagreement is between the Martin [4] and VDI [5] methods, which were, interestingly, both established by the same author. These two methods give the upper and lower limits of possible values for the heat transfer coefficient and consequently the area required for heat transfer. As expected, values of the heat transfer coefficient for hot fluid are much lower than for the cold fluid due to the difference in thermophysical properties (especially viscosity) between LVGO and water. Also, the velocity (2) of hot fluid through one channel is more than three times lower than the velocity of cold fluid (0.21 in comparison to 0.69 m s -1 ), which results in much higher pressure drop on the cold fluid side. Values of the friction pressure drop, calculated by using the investigated methods, are very different, the upper and the lower limits being defined by Kumar [6] and Coulson & Richardson [7] methods.
The Muley and Manglik [8] method, although not included in the software, was also tested by means of the Excel sheet. According to this method, demands for heat transfer area are much higher than the available area for heat transfer, while all the other literature correlations showed the existence of some reserve in the heat transfer area, although the numbers varied from 2.0 to 28.3%.
As an illustration, another example of the results obtained by the plate heat exchanger design software is shown here. In this case hot and cold fluids had similar thermophysical properties: demineralized water was heated from 40 to 60 °C while process water was used as a heating medium. The most important geo-metrical data and process parameters are presented in Table 4 and calculation results are compared in Table 5 .
From the results presented in Table 5 it can be concluded that the upper limit for heat transfer coefficient and consequently the largest reserve in heat transfer area was again obtained by using the VDI [5] correlation, and the lower limit is, in this case, predicted by the Coulson and Richardson [7] method. Values of the friction pressure drop are, as in the previous case, very different, with the upper and lower limits obtained by Kumar [6] and Coulson and Richardson [7] methods. 
CONCLUSION
Software PHeatEx Designer 1.0 for the thermal and hydraulic design of plate heat exchangers based on four literature methods: Kumar, Martin, VDI and Coulson and Richardson, has been developed in the Sharp Develop programming environment. The selection of methods to be incorporated into the application was based on comparison of the results obtained by literature methods with experimental values. The application offers to the user a number of options regarding the calculation method, saving results, review and representation of the results, comparative analysis of the results obtained by different calculation methods as well as the explanation of plate heat exchanger components and working principle in two video clips. After its validation, the application has been tested on heat exchangers from industrial practice and the results have been compared and analyzed.
It is hoped that this software will help to bridge the gap between teaching the fundamentals and industrial design and application of plate heat exchangers.
